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ABSTRACT 
The cytochrome oxidase of skin has been characteri zed biochemically in the presence of 
DMSO and Fico!!. The pH optimum for the oxidation of ferrocytochrome c was found to 
be very sensitive to changes in ionic strength of the phosphate buffer. Maxima were ob-
served at pH 7.0 in consta'nt molari ty (0.033 M a nd 0.05 M) buffers. There was no apparent 
pH optima above 6.0 in constant ioni c strength (I = 0.07, 0.11) buffers. Kinetic analysis 
revea led that the apparent maxi mal reaction rate ( Vmux) and the (K,.) for cytochrome c 
were greater in the presence of F icoll tha n DMSO. These reagents did not inh ibit or acti-
va te the enzymatic activity at the concentrations uti li zed in the study. Cytochrome oxi-
dase was inhibited by cyanide and azide in a classical fashion. 
Recent in terest has focused on dimethyl sulf-
oxide (DMSO) a nd Ficoll as bi ologic stabilizers 
for a variety of enzymes a nd subcellular compo-
n ents (1 - 8) during lengthy isolation procedures. In 
a r ecent paper (9) , we reported that the cyto-
chrome ox idase act ivity of skin was extremely 
labile upon standing at 0° C a nd that the enzy-
matic activi ty could be stabili zed for one a nd half 
to t wo hours by low concentrations of DMSO and 
Ficoll in a phosphate buffered syste m. Although 
the know ledge of the effects of DMSO and Ficoll 
on various biological processes has increased rap-
idly (1 , 10- 14), the mode of action of these com-
pounds upon various enzy me systems remains to 
be e lucidated. To obta in furth er ins ight in to the 
nature of this action, we have studied the effects 
imposed by these reagen ts on the bioche mical 
properties (pH, ion ic strength (I) , cytochrome c, 
and inhibition) of skin cytochrome oxidase. 
M ETHODS AND MATERIALS 
Male a lbino (Sherman) youn g adul t (150 gra ms) a nd 
mature (300 gra ms) .rats fed Ralston Chow and water ad 
libitum , were sac rifi ced by ether inhalat ion. Aller shav-
ing, s kin was removed from the ventral nape region, 
scraped to remove t he underlying fasc ia and qu ickly 
frozen in dry ice. The frozen t issue was thawed, minced 
and h omogenized in Ten Broeck homogeni ze rs. 
Homogenates were prepared in (0.033 M- 0.1 M) 
phos phate bu ffer pH 7.0 conta inin g 2% DM SO or 2% 
Ficoll. The addition of DMSO or Fi coll did not a lter the 
fina l pH of the buffer. 
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DMSO and Ficoll 1 were prepared as previously de-
scribed (9) , and a standardized (20 Ill) sa mple of skin 
homogenate was utilized in each enzymatic analys is. 
The tina! concent rat ion of DMSO or Ficoll in the assay 
syste m was ma intai ned at 0.133%. 
Cytochrome oxidase assay system. Cytochrome oxi-
dase activity was dete rmined by spectrophotometrically 
fo ll ow in g t he ox idation of dith ioni te reduced cyto-
chrome c• at 550 nm. (15) . In a ll experiments the auto-
oxidat ion rate of ferrocytochrome c before the addi tion 
of the sk in homogenate was negli gible. The specific 
assay condi t ions a re in cluded in the lengends of Figures 
1, 2 and Table I. T he activi ty was calculated from the 
fi rst order reaction velocity constant, and is expressed 
as llmoles of cytochrome c oxidi zed per min per mg pro-
te in . T he conce ntrat ion of cytochrome c was determined 
spectrophotometrically ut ili zing E ,, 0 ""' = 18.5 mM - 1 
em - 1 for t he differe nce of t he extin ction coefficients of 
reduced minu oxid ized cytochrome c. 
All a na lyses were carri ed out at 25° C in microcu-
vettes in a Beckman DU or Gil ford Model 2400 spectro-
photometer eq uipped with a constant temperature cir-
culation water bath . 
Characterization Studies 
Optimum pH. P hosphate buffers were prepared at 
consta nt mola riti es of 0.033 M, 0.05 M and 0.1 M over a 
pH range of 5.5- 8.0. P hosphate buffers of constant ionic 
strength (I = 0.07 a nd 0.1) were prepared by using the 
va lues calculated (16) for the mole fractions of Na 2HP(f, 
- KH 2PO, required to obtain buffers ranging from (6.0 
-8.0) at 25° C. All buffe r pHs were checked in a Corning 
Model 12 Research pH meter. 
Cytochrome c concentration. Cytochrome c solut ions 
were prepared in eit her 0.03 M or 0.05 M (I = 0.073, 
0.011) phospha te buffer pH 7.0. T he concentration of 
substrate corresponded to 2.8, 5.5, 11 .0, 16.5, 24 .8, 33.0 
and 49 .5 I'M of cytochrome c when the contents of the 
cuvette were finally adjusted to a tota l volume of 300 1'1. 
Normal control tissue cytochrome o:n:dase activity. 
Skin homogenates were prepared in 0.075 M phosphate 
1 DMSO was obta ined from J. T. Baker Co., Philli ps-
burg, N. J ., Ficoll was obta ined from Pharmac ia Fine 
Chemica ls, P iscataway, N.J . 
• Cytochrome c (type ill Horse heart 90- 97%) was 
obtained from Sigma Chem. Co., St. Louis, Mo. 
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Ftc. 2. Optimum pH of cytochrome oxidase in con-
stant molarity phosphate buffers containing 0.133% Fi-
coll. Assay system: as described in Fig. 1, except that 
the homogenate conta ined 2% Ficoll. 
buffer pH 7.0, as previously described from young adu lt 
(150 gms) and adult rats (300 gm) . The complete assay 
system contained: 16.5 namomoles of di thi onite reduced 
cytochrome c, 22.5 micromoles of phosphate buffer pH 
7.0 and 20 Ill of homogenates in a total volume of 300 Jll. 
Inhibition studies. Potassium cyanide and sodium 
azide solutions, 0.3-3 x 10- • M were prepared in either 
0.033 M or 0.05 M phosphate buffer pH 7.0. The enzy-
ma tic assay medium contained: 16.5 and 25 nanomol es 
of dithioni te red uced cytochrome c, 10 and 15 Jlmoles of 
phosphate buffer pH 7.0 (respectively in analyses car-
ried out in the presence of DMSO and Fi coll) , 10 JLl (3 
x 10- '- 3 x 10- • M) of potassium cyanide or sodium 
TABLE I 
Optimum pH of skin cytochrome oxidase in phosphate 
buffers of constant ionic strength in the presence of 
DMSO and Ficoll 
Assay contained: 16.5 and 25 nanomoles of cyto-
chrome c res pectively in phosphate buffers of constant 
ionic strength (A) = (1 = 0.070- 0.133% DMSO) and (B) 
= (1 = 0.10- 0.133% Ficoll) pH range 6.0- 8.0, and 20 J.Li 
of homogenate, in a total volume of 300 Ill. 
Spec ific octivity 
(A) (B) 
p /1 I - 0.07 I • 0 . 10 
6.0 0.0644 0.0792 
6.2 0.0644 0.0700 
6.6 0.0629 0.0643 
7.0 0.0600 0.0549 
7.2 0.0495 0.0469 
7.6 0.0405 0.0400 
8.0 0.0400 0.0310 
azide, and 20 Ill of homogenate (2% DMSO or 2% Ficoll) 
in a total volume of 300 Ill. 
Protein det erminat1:on. Protein concentrat ion was 
determined by the method of Lowry et al. (17) using 
crystalline albumin' as a standard . 
RESULTS 
Optimum pH and Molarity 
The pH optimum shifted to lower pH values as 
t he molarity of the phos pha te buffer increased 
when studying t he rate of oxidation of ferrocyto-
chrome c by s kin homogenates. The pH optima 
occurred at pH 7.0 in 0.033 M, and 0.05 M a nd 
between 5.5- 6.0 in 0.1 M buffers in the presence 
of DMSO and Ficoll (Figs. 1 and 2). Ana lysis of 
the total ionic strength of the buffer revealed that 
the ionic strength of the buffers increased from I 
= 0.070 and 0.110, to I = 0.124, as the pH optima 
shifted from 7.0 to 6.0. The velocity constant for 
t he oxidation of ferrocytochrome c was investi -
ga ted in buffers prepared at constant ioni c 
s trength I = 0.07 and 0.10, over a pH range of 6.0 
to 8.0. The two ion ic strengths were se lected to 
correspond to the values observed for 0.033 M 
a nd 0.05 M buffers at pH 6.8, where the molar 
ratios of t he two kinds of salts Na 2HPO, and KH 2 . 
P0 4 , are equal. We were unable to d etect an 
apparent optimum above pH 6.0 and the ve locity 
constant steadily" d eclined as the pH increased 
towards 8.0 in t he presence of e ither reagent 
(Table I). The pH optima and ionic strengt h ef-
fe cts observed in these studies occurred at lower 
molarities and lower total ionic stren gths in the 
presence of DMSO t han in Ficoll. 
Optimum Cytochrome c Concentration 
The variation of enzymatic activity with in-
creasing cytochrome c concentration was deter-
' Crystalline Albumin was obtained from Armour 
Labs., Chi cago, Ill. 
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min ed in 0.033 M a nd 0.05 M phosphate buffer 
pH 7.0. Lineweaver-Burk plots of 1/ V ve rsus 1/(8) 
of the data revealed t hat skin cytochrome oxidase 
adhered to the double reciprocal plot in t he range 
of 2.8- 17, and 2.8-25 ILM of ferrocy tochrome c, 
respectively in the presen ce of DMSO and Ficoll 
(Fig. 3). At the higher concentrations of cyto-
chrome c t he maximum rate of activity declined 
s harply and dev iated from the double reciprocal 
plots. The . va lues for t he apparent V"!'" derived 
from the Lmeweaver-Burk plots, were found to be 
3.8 X 1 O- 2 a nd 6.9 X 10- 2 llmoles cytochrome C 
oxidized/min/mg. prote in respect ive ly in t he 
presence of DMSO and Ficoll. The va lue fo r Vmnx 
was found to be 1.9 times greate r in Ficoll t han in 
DMSO. This phenomenon may not be s ignificant 
aS a 2-fo ld increase in vll\ !IX (18) has been reported 
to occur in so lu ble cytochrome ox idase prepara-
tions when the mola rity of the phosphate buffer 
was increased from 0.033 M to 0.067 M. The ap -
parent K, values calculated from th P Line-
weaver-Burk data were 6.8 x 10 - s and 9.0 X 10 - s 
(M) cytochrome c res pectively in the presen~e of 
DMSO and Fico!!. The K"' in Ficoll was 1.3 ttmes 
greater t han that in DMSO which suggests that 
the enzyme affinity for the substra te is decreased 
in the presence of this reagent. The increased 
cytochrome c concentration required to susta in 
maximum enzy matic ac~i v i ty, and the la rger K , 
for cytochrome c in the presence of Ficoll m~y be 
due to t he binding of cytochrome c by thts re -
agent. The bi oc ~1 e mica l properties of skin c~to­
chrome oxidase 111 both reagents are summan zed 
in Table II. 
Effect of DMSO and Ficoll on the Cytochrome 
Oxidase Activity of Shin 
T h e s peci fi c activity of young adult (150 gm) 
and adul t (300 gm) rat skin were found to range 
from 0.0238 ± 0.002 to 0.0213 ± 0.001 llmoles of 
FIG. 3. Variation of cytochrome oxidase act ivi ty with 
cytochrome c concentrat ion .. Assay condi~ions : as de-
scribed in the text. The absc1ssa 1s the rec1proca l of the 
cytochrome c conce ntration (11 M) and the ord inate is 
t he rec iprocal of the activ ity (J.Lmoles of cytochrome c 
oxidized per min per mgprotein). Curve (A) .in . the pres -
ence of DMSO, Curve (B) in the presence of F1coll. 
TABLE II 
Comparison of the cytochrome oxidase activity in the 
presence of DMSO and Ficoll 
DMSO F'icoll 
Optimal phosphate buffer 0.033 0.05 
(M) 
Optimal pH (constant mo- 7.0 7.0 
larity) 
Optimal pH (constant ionic 6.0 6.0 
strength) 
V, •• * (J.Lm oles cytochrome 3.8 X 10- 2 6.9 X IO- ' 
c/min/mg. protein) 
K,* of cytochrome c (M) 6.8 x 10 - • 9.0 x 10 - • 
% Inhibition by cyanide and 
azide 
1 x 10- • M cyanide 42 43 
1 x 10- • M azide 47 51 
* Apparent V, and K, values . 
cytochrome c oxidized / min / mg. protein. T he ac-
t ivi ty in the presence of DMSO and Ficoll were 
found to range between 0.0216 and 0.0363. DMSO 
and Ficoll did not appear to inhibi t or markedly 
activate the enzymatic activi ty at t he concent ra-
tions ut ili zed in our study. 
Cyanide and Azide Inhibition 
The effect of potass ium cyanide and sodium 
azide upon cytochrome oxidase were studied in 
the presence of DMSO and Ficoll. T he enzy matic 
activity was inhibited 83- 100% and 42- 43% by 1 x 
10- " M and 1 x 10- s M of potassium cyanide in 
the presence of eit her DMSO or Ficoll. Sodium 
azide inhibi ted the activity 72- 96% and 47- 51% at 
concentrations of 1 x 10- 3 M and 1 x 10- • M 
under similar assay condi t ions. T he specific activ-
ities of t he cont rol homogenates were 0.0254 and 
0.0216 in t he cyanide studies and 0.0363 and 
0.0254 in the azide studies in the presence of 
DMSO and Fico ll . Cyanide was fou nd to be a 
more potent inhibi tor of cytochrome ox idase than 
az ide. 
DISCUSSION 
The effect of DMSO and Ficoll in well defined 
biologica l systems is not well kn own. Fico ll has 
been fou nd to ma in ta in the morphologica l integ-
ri ty of plan t mitochondria (5) and to stabi li ze 
mi tochondria l oxidative pho phorylat ion (3, 4) 
during lengthy isolation procedu res. DMSO (5-
20%) was repo rted to stabili ze ox idative phos-
phorylation and respiratory cont rol (6, 7) of mi to-
chondria stored in liquid N 2 • Roth et al. (8) 
studi ed the effects of DMSO upon the endoge-
nous respiration of skin presoa ked in various con-
cen trations of DMSO fo r two hou rs . T he Q0 2 
dec lined 10% in control sections, and was mark-
edly stimula ted by 5%, unaffected by 10%, and 
inh ibited by 20% DM SO. We were unab le to de-
tect either inhibi tory or stimulatory effects by 
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either reagent upon the specifi c activi ty of skin 
cytochrome oxidase since the activities of the sta-
bilized homogenates fell within the range of the 
cont rols. Our inab ili ty to observe either an activa-
t ion or inhibi tion of the enzymatic activity by 
DMSO may stem from the fact that the concen-
trations used were 2.5 times lower tha n t hose ut i-
li zed in the endogenous resp iration (8) studi es. 
T he pH optimum of s kin cytochrom e ox idase 
determined in constant molarity a nd constant 
ionic strength phosphate buffers occurred at pHs 
sim il a r to those reported (15, 20- 22) for so lubi -
li zed cytochrom e ox idase preparations. We were 
unable to detect a shi ft in pH optimum from 6.0 
to 7.4, as the ionic strength increased from I = 
0.124 at pH 6.0, to I = 0.174 at pH 7.4, as noted 
by Wainio et al. (15, 21, 22) for heart muscle par-
ticles. T he pH optimum for sk in cytochrome ox i-
dase occurred at lower constant molarities (0.033 
M, 0.05 M , and ionic stre ngths (I = 0.07, 0.1) in 
the presence of DMSO a nd Ficoll tha n that ob-
served for solubilized enzyme (15, 20- 22) prepara-
tions. Molecu lar models show that DMSO (13) 
may to some extent rese mble phosphate and ca r-
bonyl groups which may account for t he increased 
sens it ivity to changes in ioni c st ren gth of the 
phosphate buffer observed in our DMSO stab i-
lized homogenates . This phenomenon may a lso be 
attributed to the chem ica l properties of DMSO, 
reported to induce major conformationa l a nd con-
figurational changes (1) in proteins by its ca-
pacity to fo rm hydroge n bonded st ructures (23) 
a nd to substitute or bind biologica l water. Al -
though the presence of DMSO (40%) has been 
shown to shift the pH optimum of pancreatic ri -
bonuclease from pH 6.0 to 8.0 (13) , this was not 
observed in our cytochrome oxidase preparations 
at the concentrations utilized in our study. The 
ox idation of ferrocytochrome c by cytochrome 
oxidase appeared to be extremely sens iti ve to 
changes in ionic strength of t he reaction medium, 
which may mask t he effects of pH cha nge when 
the buffers are not adj usted at consta nt ioni c 
strength. 
The optimum cytochrome c concentration re-
quired to susta in maximum cytochrome oxidase 
activity fe ll within a lower range than that re-
ported (15, 18, 24) for solubili zed a nd beef heart 
preparations. Minnaert (25), using a Kei lin a nd 
Hartree heart muscle preparation, has reported 
no systematic deviation from the Lineweaver-
Burk plot in the range of 6- 70 /-LM , of cytochrome 
c. Eichel et al., (26) on t he other hand, found that 
their solubili zed preparations ad hered to the plots 
between 10- 50 1-LM of cytochrome c at a ll pH 
va lues (6 .0- 7.4) and at a ll concentrations of phos-
phate buffe r (0.01- 0.3 M) studi ed. Our cyto-
chrome c range, 2.8- 17 a nd 25 1-LM, occurred at 
concentrations 2- 4 t im es lower than those re-
ported (25, 26) for heart mitochondria l and solubi -
li zed preparations. The lower va lues observed for 
the apparent V"'"' , Km, a nd cytochrome c con-
centrations observed in our study ref1 ect t he ex-
treme low level of enzymatic activity within s kin. 
The higher concentration of cytochrome c re -
quired in t he presence of Ficoll in our data may 
be due to an interaction between cytochrome c (a 
bas ic protein) and Fico ll (a syntheti c sucrose pol -
ymer), wh ich contains many hydroxy l groups . 
F icoll (M) has been reported (27) to bind 6 M of 
Benzopurpurine 4B (dye) in phosphate buffer pH 
7.3 at 23° C. This is poss ibly due to the formation 
of dye bridges with the Ficoll polymer cha in . The 
inhibitory effects observed at higher cytochrome c 
concentration in our studies pa ra ll el those re-
ported by McGuiness et al ., (18) and Smith et al . 
(24). McGuiness et al. (18) attr ibu te the inhibitory 
effects to the presence of ferricy tochrome c as 
well as to the variation imposed by pH a nd m o-
larity of the phosphate buffer upon the kinetics of 
the reaction . The kinetics of the reaction ( 18) 
have been reported to range from ze ro order to 
frac tional order (combination of zero a nd first 
order) to first ord e r depending upon the assay 
procedures utilized. The extreme variation im -
posed by t hese parameters upon t he kinet ics of 
the reaction ma kes it diffi cult to characterize. 
The cytochrome oxidase activity of skin was 
inhibi ted by cyan ide a nd az ide at concentrat ions 
si mila r to t hose re ported for soluble beef (15) 
heart preparations. DMSO and Ficoll did not 
appea r to influence the inhibitory action of cya-
nide or azide upon t he kinetics of the reaction. 
DMSO a nd Fico ll (low concentrations) were 
found to minim ally effect the biochemical proper -
t ies of skin cytochrome ox idase. Our findings a re 
compatibl e with those reported for other ma m -
malian mitochondri a l a nd solubili zed cytochrome 
ox idase preparations. The use of these reagen ts 
have estab lished criteria for the further invest iga-
tion of the electron transport mecha nis m in iso-
lated skin mitochondri a. 
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